Introduction {#sec1-1}
============

Antipsychotic drugs are extensively employed to treat mental disorders, including bipolar disorder, delusional disorder, and schizophrenia. Second-generation antipsychotics (SGAs) carry a lower risk of extrapyramidal syndrome development than do first-generation antipsychotics. However, SGA use may result in weight gain, impaired glucose tolerance, hyperlipidemia, and increased adiposity ([@ref1]-[@ref3]), which in turn may lead to higher morbidity because of their association with hypertension, type II diabetes, stroke, and cardiovascular disease ([@ref4]-[@ref8]). The side effects of SGAs may limit their use and have negative effects on patient compliance ([@ref9], [@ref10]). Among all SGAs, olanzapine and clozapine have the most significant effects on weight gain and metabolic changes ([@ref4]). The mechanisms underlying metabolic disturbance induced by SGAs, which have yet to be clarified, are probably multifactorial, involving the central and peripheral nervous systems ([@ref11]).

Enhanced lipogenesis triggered by increased enzymatic activity is one probable peripheral mechanism for SGA-induced adverse metabolic effects such as hyperlipidemia. The major enzymes involved in biosynthesizing fatty acid are stearoyl-CoA desaturase-1 (SCD-1; predominantly expressed in the liver) and fatty acid synthase (FAS). Furthermore, some clinical and rodent studies have evidenced that SCD-1 is crucial for regulating triglyceride (TG) biosynthesis and lipid homeostasis. Moreover, animal studies have demonstrated that SCD-1 mutation is related to impaired SCD-1 activity and TG biosynthesis ([@ref12], [@ref13]). In a rodent disease model, the pharmacological inhibition of SCD-1 reduced glucose and TG levels ([@ref14]). Few studies have reported on the activity and hepatic expression of SCD-1 in humans, but some have positively correlated elevation in SCD-1 activity to the level of insulin resistance and plasma TG ([@ref15], [@ref16]). The foregoing observations suggest that SCD-1 is strongly involved in TG synthesis and lipid homeostasis.

Antipsychotic medications have been reported to induce lipid accumulation and upregulate lipogenic gene expression; this is attributed to the effects of sterol regulatory element--binding proteins (SREBPs), including SCD-1 ([@ref17]-[@ref19]). Moreover, in patients treated with olanzapine, peripheral blood cells had higher FAS and SCD-1 mRNA expression than did those of drug-free patients ([@ref20]). The aforementioned results indicate that antipsychotics may affect lipogenic genes and may impair lipid metabolism. Although the underlying mechanism remains unclear, an increasing body of evidence suggests that the lipogenic activity of SGAs is attributable, at least partially, to direct effects on peripheral tissues ([@ref21]).

Most research on the metabolic side effects of olanzapine has concentrated on the central nervous system, and little is understood about the effects of olanzapine on peripheral organs, such as the liver and adipose tissue, which are essential organs for lipid metabolic homeostasis. The relationships between the metabolic effects of antipsychotics, adipose tissue morphology, and enzymatic activity involved in lipid metabolism need to be investigated. Accordingly, in this rodent model study, we examined the outcomes of chronic exposure to olanzapine in terms of body weight, biochemical changes, abdominal fat mass, and the levels of hepatic FAS and SCD-1 proteins.

Materials and Methods {#sec1-2}
=====================

Animals and diets {#sec2-1}
-----------------

The Institutional Animal Care and Use Committee at National Chung Hsing University approved the experimental procedures and the animal conditions (approval No.: NCHU IACUC 100-28). Four-week-old female C57BL/6J mice were sourced from the Education Research Resource Department at National Laboratory Animal Center, Taiwan. For 8 weeks preceding the experiment, the mice were fed a standard diet (Laboratory Rodent Diet 5001, PMI Nutrition International Inc, MO, USA), with metabolizable energy of 3.02 kcal/g. The mice, placed in standard rodent cages stored in quarters controlled at 22 °C, were subjected to a 12-hr light--dark cycle. The animals were given *ad libitum* access to water and pelleted mouse chow. All procedures were performed per appropriate guidelines recommended by the Taiwanese government (i.e., Guidelines for the Care and Use of Laboratory Animals).

Drug treatment {#sec2-2}
--------------

The mice were randomly categorized into two groups: The first group received 6 mg/kg olanzapine (Zyprexa, Eli Lilly Company, USA) per day through gavage for 7 weeks, and the second group (i.e., the control group) was administered 0.01 ml/g normal saline once per day through gavage. The two groups did not differ significantly in body weight, and the olanzapine dosage was set on the basis of earlier studies on olanzapine-induced metabolic changes ([@ref22]-[@ref25]).

Determination of food intake, body weight, and biochemical analyses {#sec2-3}
-------------------------------------------------------------------

Food intake and body weight were assessed weekly for 7 weeks. To measure blood glucose levels, blood samples were drawn from the tail vein of overnight-fasted animals and analyzed using a OneTouch Ultra 2 glucose meter (LifeScan Inc., CA, USA). Following the 7-week experimental period, all mice were anesthetized, and tissues and sera were harvested for analysis. Serum TG levels were detected using Accutrend GCT (Roche Diagnostic, Mannheim, Germany), a TG-specific point-of-care testing device, and the levels of serum insulin and leptin were detected using ELISA kits from Crystal Chem Inc. (Downers Grove, IL, USA).

Determination of liver lipids {#sec2-4}
-----------------------------

Lipids were harvested from the liver by following the methods reported by Spisni *et. al*. ([@ref26]) and Chang *et. al*. ([@ref27]) and subjected to TG analysis on commercial kits (BioVision), as follows: The harvested tissues underwent cold homogenization (2 min suffices for complete homogenization of liver or similar tissues) in a 2:1 (v/v) high-performance liquid chromatography--grade mixture of chloroform and methanol (Carlo Erba, Italy) to a dilution of twentyfold the tissue volume. The resulting homogenate was passed through filter paper containing anhydrous sodium sulfate into a rotavapor-glass tube and dried in a rotavapor at 56 °C for 15 min. The dried sample was dissolved again in the chloroform--methanol mixture, filtered into a glass tube containing 20 ml of 0.1 M KCl, and incubated overnight at 4 °C. Subsequently, the upper phase (i.e., the aqueous fraction) was discarded, and the lower phase was dried as explained earlier for 15 min. Next, the resulting sample was dissolved again in the aforementioned mixture and dried under a 56 °C nitrogen jet. Then, the sample was transferred to a screw-cap glass tube, to which was added 5 ml of a methanol--5% sulfuric acid mixture as the methylation mixture. This tube was left overnight at 58 °C in an oven. The methylated sample was decanted into a 100-ml glass tube, to which was added 5 ml of petroleum benzene (GR, Merck, Germany) and 90 ml of double-distilled water. Finally, the upper layer of the sample was extracted and frozen at --20 °C for TG analysis.

Histological examination {#sec2-5}
------------------------

The liver and adipose tissue specimens extracted from the mice were weighed. The excised specimens were fixed in 10% formalin, embedded in paraffin, and subjected to hematoxylin and eosin (H&E) staining per standard procedures ([@ref28], [@ref29]). Staining images were captured and analyzed using a digital microscope (Olympus BX51) and ImageJ 1.33, respectively.

Western blot analysis {#sec2-6}
---------------------

The gastrocnemius muscles of the mice were removed rapidly, minced coarsely, homogenized immediately, and subjected to Western blotting as explained in a prior report ([@ref30]). Proteins were extracted from the lysed samples by using a protein extraction reagent (Pierce, Rockford, IL, USA) as well as protease and phosphatase inhibitors. The protein concentration was measured with a BCA protein assay kit (Pierce) per manufacturer instructions. The protein samples were denatured in an SDS sample buffer containing 8% SDS (pH 6.8) and 250 mM Tris-HCL, 40% glycerol, 20% β-mercaptoethanol, and 0.016% bromophenol blue. The denatured samples were analyzed using SDS-PAGE and transferred onto polyvinylidene difluoride membranes. The blotted membranes were blocked using 5% fat-free milk in Tris-buffered saline containing tween 20 (TBS-T) at room temperature for 1 hr. Subsequently, the membranes were incubated overnight at 4 °C with primary antibodies against SCD-1 and FAS. Then, the membranes were washed thrice in TBS-T and incubated at room temperature for 1 hr with horseradish peroxidase-linked antibodies and antimouse or antirabbit IgG antibodies. Enhanced chemiluminescence reagents (Pierce) were used to detect the immunoreactive signals. Finally, the membranes were exposed on X-ray films (Konica, Tokyo, Japan), and protein phosphorylation and expression on the films were quantified using Scion Image (Scion Corporation, Frederick, MD, USA).

Statistical analysis {#sec2-7}
--------------------

Data are presented as the mean±standard error of the mean (SEM). Differences in the data of the two mouse groups were evaluated using a t-test with equal variances, with *P*\<0.05 considered significant.

Results {#sec1-3}
=======

Effects of olanzapine on food intake, body weight, body weight gain, and food efficiency {#sec2-8}
----------------------------------------------------------------------------------------

The body weight and body weight gain of the mice in the two groups differed because of the differences in the dietary intakes of the groups ([Figure 1](#F1){ref-type="fig"}). At the end of the study period, the body weight of the mice treated with olanzapine was significantly higher than that of the control mice (olanzapine: 22.80±0.40 g versus control: 21.86±0.11 g, *P*\<0.05) ([Figure 1A](#F1){ref-type="fig"}), and so was the weekly body weight gain from the second to the seventh week ([Figure 1B](#F1){ref-type="fig"}). As expected, mice treated with olanzapine exhibited significantly increased average food intake (measured per mouse per day; olanzapine: 5.56±0.02 g versus control 4.93±0.08 g, *P*\<0.05) ([Figure 1C](#F1){ref-type="fig"}). Food efficiency, measured as average change in weekly body weight (g) divided by food intake (g), mildly increased (nonsignificantly) in the olanzapine-treated mice (olanzapine: 0.054±0.007 g versus control 0.031± 0.006 g, *P*\<0.05) ([Figure 1D](#F1){ref-type="fig"}). The hyperphagia effects of olanzapine may partially explain its ability to induce weight gain.

![Effect of olanzapine in mice on (A) body weight and (B) body weight gain; effect on (C) average food intake per mouse per day; and effect on (D) food efficiency (average change in weekly body weight (g)/food intake (g)) after 7 weeks of treatment. All data are represented as the mean ± SEM (n=11 in each group). Statistical significance was set at \**P*\<0.05](IJBMS-21-495-g001){#F1}

Blood glucose, triglyceride, and serum hormone analyses {#sec2-9}
-------------------------------------------------------

The concentrations of plasma glucose, TG, serum insulin, and leptin are listed in [Table 1](#T1){ref-type="table"}. Blood glucose levels did not differ significantly between the two groups; however, the mice treated with olanzapine had significantly greater concentrations of blood TG (206.60 ±1.80 mg/dl in the olanzapine group versus 189.70 ±3.40 mg/dl in the control group, *P*\<0.05), insulin (669.70±80.20 pg/ml in the olanzapine group versus 434.90±50.90 pg/ml in the control group, *P*\<0.05), and leptin (3.69±1.76 ng/ml in the olanzapine group versus 1.69±0.66 ng/ml in the control group, *P*\<0.05). The foregoing data for the control group are within or close to the normal ranges for each measured parameter (supplementary Table 1).

###### 

Effects of olanzapine on glucose, triglyceride, insulin, and

                         Control (n = 11)   Olanzapine (n = 11)
  ---------------------- ------------------ ------------------------------------------------
  Glucose (mg/dL)        81.50 ± 6.88       94.60 ± 3.45
  Triglyceride (mg/dL)   189.70 ± 3.40      206.60 ± 1.80[\*](#t1f1){ref-type="table-fn"}
  Insulin (pg/ml)        434.90 ± 50.90     669.70 ± 80.20[\*](#t1f1){ref-type="table-fn"}
  Leptin (ng/ml)         1.69± 0.66         3.69 ± 1.76[\*](#t1f1){ref-type="table-fn"}

All data are represented as the mean±SEM (n = 11 in each group). Statistical significance was set at

*P*\<0.05

Effects of olanzapine on hepatic triglyceride {#sec2-10}
---------------------------------------------

The measured TG concentration in the liver is shown in [Figure 2](#F2){ref-type="fig"}. The concentration of hepatic TG wassignificantly elevated in the olanzapine group (14.38± 0.57 mmol/l in the olanzapine group versus 12.41± 0.99 mmol/l in the control group, *P*\<0.05).

![Effects of olanzapine on hepatic triglycerides in mice. All data are represented as the mean±SEM (n=11 in each group). Statistical significance was set at \**P*\<0.05](IJBMS-21-495-g002){#F2}

Effects of olanzapine on fat mass and histological change in abdominal fat {#sec2-11}
--------------------------------------------------------------------------

At the end of the 7-week study period, the abdominal fat mass of mice was assessed ([Figure 3](#F3){ref-type="fig"}). In the olanzapine group, the abdominal fat mass was significantly increased (0.20±0.06 grams in the olanzapine group versus 0.13±0.03 grams in the control group, *P*\<0.05). In the olanzapine group, H&E staining revealed considerable fat cell enlargement in the abdominal fat tissues. These results suggest that olanzapine increased both abdominal fat mass and the size of fat cells.

![(A) effects of olanzapine on abdominal fat in mice. All data are represented as the mean ± SEM (n = 11 in each group). Statistical significance was set at *\*P*\<0.05. (B) photomicrographs (×400) of hematoxylin and eosin (H&E)-stained abdominal white adipose tissues harvested from mice after 7 weeks of treatment with olanzapine](IJBMS-21-495-g003){#F3}

Effects of olanzapine on liver stearoyl-CoA desaturase-1 and fatty acid synthetase expression {#sec2-12}
---------------------------------------------------------------------------------------------

SCD-1 and FAS are key enzymes in TG synthesis and lipid homeostasis. Western blotting of the liver tissues revealed significantly increased SCD-1 expression (1.6-fold) in the olanzapine group relative to the control group ([Figure 4A](#F4){ref-type="fig"}). By contrast, the FAS levels of the two groups did not differ significantly ([Figure 4B](#F4){ref-type="fig"}).

![Effects of olanzapine on the expression of (A) stearoyl-CoA desaturase-1 (SCD-1) and (B) fatty acid synthase (FAS) in the liver. All data are represented as the mean±SEM (n=11 in each group). Statistical significance was set at \**P*\<0.05](IJBMS-21-495-g004){#F4}

Discussion {#sec1-4}
==========

The results of the present study indicate that olanzapine treatment may induce weight gain and metabolic changes in female C57BL/6J mice. Chronic exposure to olanzapine significantly increased abdominal fat, leptin, TG levels, and hepatic SCD-1 protein levels.

In this study, chronic administration of olanzapine significantly increased weight gain, a result consistent with related animal studies ([@ref31], [@ref32]). SGAs possess binding affinities for numerous neurotransmitter receptors (e.g., dopamine D2, serotonin 5HT2A and 5HT2C, muscarinic M1 and M3, and histamine H1 receptors) ([@ref33]). Previous studies have revealed that the effects of drugs on histamine H1 receptors, serotonin 5-HT2C receptors, muscarinic receptors ([@ref34], [@ref35]), and hypothalamic AMP-activated protein kinase ([@ref36]) may be attributable to the adverse metabolic effects of the drugs. Furthermore, H1 receptor antagonism was reported to provide the primary contribution to olanzapine-induced hyperphagia and weight gain ([@ref37]). Similarly, we found increased food intake in the olanzapine-treated group, suggesting that hyperphagia is one cause for body weight gain.

Data on the association of leptin levels with atypical antipsychotic use are controversial: Some studies have reported weight gain with low leptin levels after olanzapine treatment ([@ref38], [@ref39]), suggesting that low levels of leptin decrease satiety signaling to the hypothalamus, which in turn increases appetite and leads to weight gain. Other studies have demonstrated increased leptin levels during atypical antipsychotic treatment, suggesting that increased leptin levels are due to weight gain and not a direct, physiological effect of atypical antipsychotics on leptin ([@ref40], [@ref41]). Our findings corroborate those of the latter studies, indicating that increased leptin levels result from weight gain.

The change in body composition attributable to olanzapine-induced weight gain is not yet fully understood. A study found that most of the olanzapine-induced gain is in the form of body fat ([@ref42]). Other studies have argued that olanzapine increases the circumference of the waist and the deposition patterns of truncal fat ([@ref43], [@ref44]). Researchers ([@ref45]) reported that the subcutaneous and intra-abdominal fat of schizophrenic patients increased significantly after treatment with olanzapine. Overall, these reports indicate that the increase in body weight induced by SGA is---at least partially---related to increased fat mass and that olanzapine appears to affect the abdominal fat.

Although total body composition was not evaluated in our study, we found that abdominal fat mass increased significantly and that it may contribute to the final body weight gain in olanzapine-treated animals. This result is consistent with prior studies that have demonstrated increased visceral fat or intra-abdominal fat mass after olanzapine administration in animals ([@ref46], [@ref47]), which suggests that adipose tissue may be a peripheral target of olanzapine-induced metabolic deregulation. Furthermore, in our study, olanzapine-induced fat deposition occurred in conjunction with adipocyte hypertrophy. This result is consistent with a previous report of adipocyte hypertrophy in response to olanzapine treatment ([@ref48]); however, our result is inconsistent with those of earlier studies that have found adipocyte hyperplasia as an effect of SGAs ([@ref49], [@ref50]). This inconsistency is potentially attributable to variation in the metabolic response of rodents to SGAs.

In the current study, the levels of serum TG and hepatic TG increased significantly after 7 weeks of olanzapine treatment. Several studies on SGAs have found that increases in serum TG and weight gain occur independently of each other ([@ref51]-[@ref53]). SGAs have been hypothesized to directly affect lipid levels through a yet unknown mechanism ([@ref54]). An *in vitro* study ([@ref55]) demonstrated that olanzapine influences lipolysis and lipogenesis directly, which in turn results in the accumulation of lipids and the enlargement of adipocytes.

To further understand the effects of olanzapine on lipid metabolism, we evaluated liver SCD-1 and FAS, which are enzymes related to lipid metabolism. Regulating the oxidation, synthesis, and storage of fatty acids is crucial for maintaining normal lipid concentrations. SCD-1---an endoplasmic-reticulum-bound enzyme that converts various saturated fatty acids into monounsaturated fatty acid---is likely involved in regulating lipid and metabolic homeostasis, as evidenced in the literature ([@ref56]). Animal studies have yielded evidence for an association between SCD-1 and obesity ([@ref15]). Furthermore, some *in vitro* studies have revealed that at the transcriptional level, antipsychotic medications upregulate lipogenesis through the effect of SREBPs, including SCD-1 ([@ref17]-[@ref19]). In the present study, the olanzapine group exhibited significantly elevated SCD-1 protein expression. These preclinical observations suggest that the elevation in TG and increased fat mass following chronic olanzapine treatment are associated with SCD-1 protein levels.

Our results show that insulin levels significantly increased after 7 weeks of olanzapine treatment, which is consistent with several reports of chronic treatment with olanzapine both increasing insulin levels and inducing insulin resistance ([@ref57], [@ref58]). However, according to one study ([@ref59]), a single olanzapine dose can decrease insulin levels significantly and induce hyperglycemia. Other studies have shown that insulin levels decrease after 14 days of olanzapine treatment ([@ref60], [@ref61]). These results indicate the time-dependent nature of insulin response to olanzapine. In addition, numerous studies have demonstrated that short-term olanzapine intake might hinder beta cell function in the pancreas and that this effect dissipates over time ([@ref59], [@ref62], [@ref63]). Moreover, olanzapine-induced insulin resistance might trigger compensatory hyperinsulinemia. For example, temporal variation in insulin secretion has been reported among patients with schizophrenia prescribed olanzapine ([@ref64]).

Consistent with some earlier studies ([@ref65], [@ref66]), the blood glucose levels in the two groups in this study did not differ significantly, evidencing that insulin resistance was not accompanied by hyperglycemia during olanzapine treatment. Furthermore, patients treated with olanzapine have been reported to develop diabetes ([@ref67], [@ref68]). Hyperinsulinemia likely maintains normal plasma glucose levels in the early phase of treatment; consequently, any ineffectiveness in maintaining compensatory hyperinsulinemia would result in the development of diabetes. The exact mechanisms underlying the association between antipsychotics and diabetes are unclear; hypothesized mechanisms include stronger insulin resistance secondary to weight gain and direct damage to pancreatic islet cells ([@ref69], [@ref70]). Given that metabolic dysregulation follows within a few weeks of olanzapine administration, we recommend that clinicians closely monitor glucose homeostasis, especially during early-stage treatment.

As listed in supplementary Table 1, in the control group, the value of each investigated parameter is within (or close to) the normal range, whereas the olanzapine group exhibited significantly higher blood concentrations of TG, insulin, and leptin.

This study had a few limitations. First, only one type of antipsychotic, olanzapine, was investigated. Olanzapine is one of the most potent SGAs given its ability to induce weight gain and dyslipidemia. Moreover, in clinical practice, olanzapine is quite effective and is widely used to treat psychiatric disorders. Hence, olanzapine was chosen as the drug of treatment in our study. However, outcomes may differ for other antipsychotic medications. Second, the effects of olanzapine were examined over a rather short time period. Olanzapine is mostly prescribed chronically; therefore, its metabolic side effects may occur only after several weeks of use. Studies with longer and varying durations will help further explore the metabolic side effects of antipsychotics.

Conclusion {#sec1-5}
==========

This *in vivo* study suggests that olanzapine treatment may increase food intake and body weight gain and trigger the accumulation of abdominal fat. In addition, olanzapine increased plasma TG, hepatic TG levels, plasma insulin, and hepatic SCD-1 protein levels, but it did not influence plasma glucose levels. These results suggest a peripheral mechanism of olanzapine-induced dyslipidemia, involving enhanced lipogenesis through increased hepatic SCD-1 activity. Furthermore, our results evidenced that olanzapine may induce adverse metabolic effects during treatment, some of which may be related to the disturbance of lipid homeostasis in the liver. Owing to the association of these side effects with cardiovascular disease, clinicians should regularly monitor metabolic parameters in patients being treated with olanzapine. Additional study is required to understand and ameliorate the mechanisms underlying olanzapine-induced adverse metabolic effects.
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